Serine phosphate has interested us for a long time.1' 2 More recently, the function of serine as a component of an active center in enzymes has received much attention.' 4 The quality of the hydroxyl group in serine is obviously variously modified by neighboring amino acids and, more generally, by structural features of the molecular environments.6 6 Now, the reports of Agren,7 and of Engstr6m' on the isolation of serine phosphate from phosphate-incubated mammalian alkaline phosphatase make it seem likely that serine is the active center of this enzyme. The availability of the phosphatase of E. coli in a rather pure form9 made us hopeful that we might here have an opportunity to obtain precise information on the situation of the reactive serine in this enzyme. This seemed particularly desirable since the genetic characterization of the phosphatase is far advanced. [10] [11] [12] We hoped eventually to map the amino acid sequence at the active center by marking serine in the enzyme with radioactive phosphate. In accord with observations on other phosphatases, we found that after incubation with inorganic phosphate, serine phosphate can be isolated from E. coli phosphatase. Similar results with this enzyme were obtained independently by Engstrom.'3 Preparation of the Enzyme.-The enzyme was purified by a modification of the method outlined. 9 Because of these changes, we present the procedure in some detail. A constitutive strain of E. coli K 12 (C4P+) was grown and harvested as described.'4 The cell paste, weighing 2.4 kg, was homogenized in 400 ml of water in a Waring blendor at 4°. About 1 liter of acetone at -20°was added to the smooth paste, and briefly blended. The resulting suspension was rapidly poured into 16 liters of acetone at -200, and then filtered. The filter cake was washed with multiple small amounts of cold acetone totaling 4 liters, and then with 5 lb of ether at -20°. When the temperature of the filter cake rose to 40, the material was spread out thinly on blotting paper to dry at room temperature.
The dried powder was extracted with 2 liters of 0.1 M Tris HCl buffer at pH 7.4 with 0.01 1M i1\gSO4 and 1 mg DNase at room temperature for 2 hr. After centrifugation, the extract was fractionated with ammonium sulfate and the precipitate from the 30-60 per cent saturated solution was retained. Ammonium sulfate was removed by dialysis against 0.1 M Tris HCl buffer and 0.01 M MgSO4. The resulting solution was heated for 15 min at 75°and the precipitate discarded.
The supernatant was incubated with RNase (10 gg/ml) at 300 for 2.5 hr, and exhaustively dialyzed first against 0.1 M Tris HCl buffer pH 7.4 and 0.01 M MgSO4 and then against a ten-fold dilution of the buffer. The dialyzed solution contained 10.4 mg of protein per ml as determined by the Lowry method,'5 using albumin as a standard, and 9.6 mg of alkaline phosphatase per ml as estimated from the turnover number for p-nitrophenyl phosphate reported9 using 80,000 as the molecular weight. Some of this material was chromatographed on DEAE-cellulose as described. 9 Partial Identification of Hydrolysis Products of Phosphate-Treated Enzyme.-The enzyme was hydrolyzed for 18 hr in 2 N HCl in a boiling water bath" I and the products of hydrolysis were electrophorized. In Figure 1 , an electropherogram is compared with its corresponding radioautograph. The picture shows the presence of serine phosphate and of three more slowly moving radioactive compounds, presumably serine phosphate containing peptides 1, 2, and 3. The radioactive material overlapping authentic serine phosphate was again electrophorized at pH 1.9, 4.7, 6.5, and 8; its mobility always corresponded exactly to that of authentic serine phosphate. The other radioactive compounds that appear on Figure 1 were eluted and further hydrolyzed for 6.5 hr. Radioautographs of the electropherogram of the products of such hydrolyses are shown in Figure 2 . Peptide 3, which was obtained in smallest yield, is hydrolyzed to serine phosphate and peptides 1 and 2 (Fig. 2, Series 1) . Peptide 1 yields serine phosphate and peptide 2, as can be seen in Figure 2 , Series 2.
These experiments show the three peptides to be partly interconvertible: peptide 3 yields 1 and 2; 1 yields 2; and all of them partially hydrolyze to serine phosphate. Further preliminary information on the localization of serine phosphate was obtained by brief hydrolysis of the enzyme protein in 6 N HCl at 1000. After 10, 20 , and 30 min of hydrolysis, approximately a dozen distinct radioactive compounds appeared on electrophoresis in addition to serine phosphate (Fig. 3) .
In view of the presence of 33 serines in this phosphatase,'6 it was important to determine whether phosphate is fixed to a special serine. Trypsin digestion yields 35 Figure 3 . After autoclaving, the protein was reduced with thioglycolate and then alkylated with iodoacetate'7 in 8 M urea. The reduced material was dialyzed against 0.01 M NH4HCO3, and after drying in a dessicator, was suspended in 2 ml of 0.05 M NH4HCO3 containing 0.2 mg of crystalline trypsin (Worthington). After digestion for 1 hr at 370, 1 M acetic acid was added and the digest dried in a dessicator. It was then resuspended in 0.2 ml of water, 10 j.s1 of which were applied to the paper for electrophoresis at pH 4.6 at 3 kv for 3.5 hr. The X-ray fil'm was exposed for 16 hr, and the resulting radioautograph represents all of the radioactivity op the paper, with the exception of a small amount of inorganic phosphate. cipitated by the addition of 0.2 ml of 50% TCA and the precipitate washed twice with 5% TCA. The precipitate was dissolved in 1 ml of 88% formic acid, then diluted with iced water to 9 ml and precipitated once more by the addition of 1 ml of 50% TCA. This precipitate was transferred to planchets for counting in 88% formic acid. For checks on this isolation procedure, see Table 3. PROC. N. A. S. conditions at pH 8, only 0.1 mole per mole of enzyme or less was fixed. The reaction between phosphate and enzyme is very fast, even at 00, since probably complete equilibration is reached in a few seconds (Table 1) . Phosphorylation of enzyme appears to be reversible since, on dilution, phosphate is released. After 37-fold dilution, only 1/15 of the originally incorporated phosphate remained (Table 2) . In a first period, 0.3 MAM of enzyme was incubated for 5 min at 300 in 0.2 M Tris acetate buffer pH 8, and 1 MM/ml of phosphate with a specific activity of 5.25 X 106 cpm/MM, in a total volume of 2 ml. At the end of this period, 1 ml was pipetted into 0.1 ml of 50% TCA and kept on ice. Immediately, 36 ml of 0.1 M Tris buffer pH 8, warmed to 300, were added to the remaining 1 ml. After 10 min of further incubation, the tube was cooled in ice and 4 ml of 50% TCA were added. At that time, the sample taken from the first incubation was correspondingly diluted with 5% TCA. Both samples were then prepared for counting by the method described in Table 1 .
The quantity of phosphate fixed by the enzyme is dependent upon total phosphate concentration but independent of the amount of radioactive phosphate present ( Table 3 ), indicating that it is indeed the phosphate that is incorporated into the enzyme and not a radioactive contaminant. Moreover, arsenate inhibits incorporation of the phosphate (Table 4) . Incubation was at 30°for 6 min in 0.2 M Tris buffer pH 8, and 0.001 M MgSO4, in a total volume of 2 ml, each sample containing 9.4 mg of enzyme. The protein was then precipitated by addition of 0.2 ml of 50% TCA and the precipitate washed twice with 5% TCA. The samples were dissolved in 67% acetic acid and aliquots were counted. The remainder was electrophorized at 3 kv for 2 hr in the pH 3.3 buffer system (see legend to Fig. 1 ). Electrophoresis showed that less than 10% of the radioactivity in the samples separated from the protein as free phosphate; no correction was made for this small contamination. Corresponding values were obtained in other experiments when serine phosphate was measured after hydrolysis of the samples, if the measurements were corrected for the destruction of serine phosphate during hydrolysis by multiplying 1hem by a factor of 4.2
The phosphorylation of phosphatase by inorganic phosphate appears to be specific. Serine phosphate was not found in acid hydrolysates of phosphatetreated a-chymotrypsin (Worthington), ribonuclease A (gift of Dr. A. M. Crestfield), or bovine serum albumin (Armour). The peculiarity of the phosphorylation reaction to alkaline phosphatase is nicely confirmed by the observation that an extract from a mutant of E. coli (C4P-), similar in every respect to the strain, C4P+, from which our phosphatase was purified but lacking the ability to make phosphatase, did not fix phosphate. Furthermore, the extract from the P-mutant was fractionated in the manner used for enzyme purification and none of the resulting fractions fixed phosphate.
Experiments kindly analyzed by Dr. D. E. Koshland, Jr.,, showed that during incubation with inorganic phosphate in water containing 018, only a slow exchange of 018 into the phosphate occurred. The quantity exchanged was one-tenth of the amount of 018 incorporated into the phosphate produced during the complete enzymatic hydrolysis of a-glycerol phosphate in H20'8, which, in turn, was slightly more than one-fourth replacement of 016 by the heavy isotope (Table 5) . While Eight mg of enzyme were incubated for 5 min at 300 in 0.2 M Tris HCl buffer pH 8, with 0.001 M phosphate specific activity 3 X 106 cpm/1uM. The samples were prepared for counting as described in Table 1 . Incubation in both cases was at 300 for 17 hr in 30 ml of water with 1.5% excess H108 (Stuart Oxygen Co.), buffered at pH 8 by 0.1 M Tris HCl. All reagents were added in dry form, except enzyme, which was added to each incubation in 0.3 ml containing 0.15 mg, and a small amount of concentrated HCl to adjust pH. In one incubation, 0.025 M 5-glycerol phosphate was present, in the other, 0.025 M inorganic phosphate. The quantity of enzyme used at its initial rate will completely hydrolyze the amount of substrate in the experiment in 165 min. After incubation, phosphate was isolated and purified by a modification of the method of Jones and Spector.19 these results are consonant with previous studies on alkaline phosphatases from other sources,20 the slowness of the 018 exchange is puzzling when one considers the characteristics of phosphate fixation by the enzyme.
Comments.-The present observations with phosphatase remind us of an earlierobserved reaction of liver or pancreatic esterases2' with fatty acids to give, in the presence of hydroxylamine, the corresponding hydroxamates; this suggested an activation of the carboxyl group, presumably by a covalent binding of the carboxylate by the esterase. Analogously, phosphatase is now shown to fix inorganic phosphate. The results reported here, which are essentially in accordance with those obtained by Agren and Engstr6m , pose questions on the energetics of the phosphate binding, some of which we will try to formulate without, however, attempting to give any definite answers. Our dilution experiments indicate an easily reversible link between the phosphate and the enzyme, yet 018 exchange with phosphate is very slow. If, furthermore, one considers the relatively high group -potential of the phosphoryl group in serine phosphate which, in the classical phosphoprotein, actually approaches that of the terminal phosphate in ATP,6 incorporation of 1 mole of phosphate to 1 mole of enzyme with only a ten-fold excess concentration of phosphate is difficult to understand. Nevertheless, a strong affinity for phosphate had been deduced earlier from the inhibitory effect of inorganic phosphate at quite low concentration9 as well as from equilibrium dialysis experiments by Levinthal and his associates.22 One might then think of the possibility of a transesterification where phosphate displaces a previous ligand to the hydroxyl group. It has indeed been proposed that the hydroxyl group of serine at the active center of esterases is esterified with the free carboxyl group of a neighboring dicarboxylic amino acid,23 or is fused in an oxazoline ring. 24 The possibility that phosphate fixation may be an exchange with phosphate already bound to serine seems to be eliminated by the observation that the enzyme, as purified here, does not contain sufficient phosphate to account for an exchange, and that serine phosphate is not found in amino acid analysis. 22 We hope that some of the questions raised here may find an answer when the amino acid sequence around the reactive serine has become known. So far, we believe the indications are strong that this phosphate binding site participates in the catalytic function of the enzyme.
Summary. Highly purified E. coli alkaline phosphate reacts with inorganic phosphate yielding serine phosphate and serine phosphate-containing peptides on partial acid hydrolysis. After exhaustive digestion of the enzyme with trypsin, only one major component appears containing radioactivity. This product may be degraded by acid hydrolysis to serine phosphate and the same peptides obtained from hydrolysis of the whole enzyme. It is concluded that of the 33 serine molecules known to be present in this phosphatase, only a particular one reacts with the phosphate and that the phosphate-binding serine most likely is in the active center of the enzyme.
Note added in proof:
The following experiment appears to show conclusively that the serine accepting the phosphate is in the catalytically active center. Three samples of 0.011 l.mole of enzyme in 0.5 ml Tris buffer, pH 5.5, were incubated at 00 for 15 sec with: (1) P32-phosphate, (2) P32-phosphate + an equal amount of p31_ glucose 6-phosphate, and (3) P32-phosphate + an equal amount of fully hydrolyzed P31-glucose 6-phosphate. Reaction was stopped by the addition of 0.1 ml of 2 N HCl, following the method of Engstrdm ;8 the protein was collected by precipitation with acidified acetone, hydrolyzed at 1000 for 19.5 hr with 2 N HCl, and electrophorized as described. The radioactivity of the serine phosphate fraction was cut out and counted directly. The following values (not corrected for serine phosphate hydrolysis) were obtained: (1) P32-phosphate alone, 4,412 cpm, (2) p32-phosphate + equal amount of cold phosphate ester, 472 cpm, (3) control, p32-phosphate + equal amount of cold phosphate, 2,120 cpm. The experiment shows that substrate phosphate competes favorably with inorganic phosphate for the specific serine in the enzyme.
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